Introduction
Bacteria use two-component systems (TCSs) to connect the detection of a signal with an appropriate cellular response. In a prototypical TCS a histidine kinase autophosphorylates with ATP when sensing the cognate stimulus and subsequently transfers the phosphorylgroup to the response regulator, which generates the output response (Nguyen et al., 2015; Zschiedrich et al., 2016) . Histidine kinases are composed of N-terminal 'input' domain(s) dedicated to stimulus detection and a catalytic core referred to as 'transmitter domain' (TD), which is common to all histidine kinases. The TD comprises the dimerization and histidine-phospho-transfer (DHp) and the catalytic and ATP-binding (CA) domains. The DHp domain consists of two antiparallel helices connected by a loop and typically forms a homodimer through generation of a four-helix bundle. Activation of kinase activity occurs through conformational changes within a stable homodimer of the histidine kinase. As a result, the CA domain rotates bringing the bound ATP and the histidine phosphorylation site, located in the first helix of the DHp domain, into close proximity thereby allowing phosphoryl group transfer (Stewart, 2010; Ferris et al., 2012) . This reaction may occur in cis, i.e. each protomer phosphorylates itself, or in trans meaning that the two protomers in the dimer cross-phosphorylate each other (Casino et al., 2010) . To receive the phosphorylgroup, the response regulator docks with its conserved receiver domain to the TD of the histidine kinase. Phosphorylation of the N-terminal receiver domain provokes structural rearrangements, which stimulate dimerization and activate the associated effector domain that generates the output response (Zschiedrich et al., 2016) .
The TCS KdpD/KdpE is dedicated to maintenance of intracellular K 1 homeostasis (Heermann & Jung, 2010) . ] are sensed by the periplasmic loop connecting transmembrane domains 3 and 4 and inhibit autophosphorylation (Laermann et al., 2013; Schramke et al., 2016) . In addition, high intracellular [K 1 ] stimulate KdpD phosphatase activity via a sensor module located in the C-terminal cytoplasmic domain (Schramke et al., 2016) . Dual sensing may prevent maximum induction of kdpFABC expression when environmental [K 1 ] fall A. Topological model of the KdpD monomer embedded in the cytoplasmic membrane. B. Schematic representation of the analyzed KdpD deletion derivatives. The individual KdpD variants are designated by letters and their dimensions are indicated by horizontal lines. For orientation, the position of the first and last amino acid of the respective variant is given when deviating from the natural N-or C-terminal end of KdpD. For comparison, the positions of the domains within KdpD are schematically shown at the top. The letters refer to the following plasmids (names in parentheses) encoding the respective KdpD variant fused to the CyaA-T18 fragment: A (pBGG264), B (pBGG360), C (pBGG370), D (pBGG371), E (pMM12), F (pBGG265), G (pBGG359), H (pBGG369), I (pBGG462), J (pYG128), K (pBGG386), L (pSB7), M (pMM33). C. BACTH analysis addressing interaction of the various KdpD truncations with KdpE. The plasmids encoding the various KdpD variants fused to CyaA-T18 were introduced into strain BTH101 carrying plasmid pBGG263 coding for the T25-KdpE fusion protein. Subsequently, the bgalactosidase activities of these transformants were determined from cultures grown in LB to stationary phase. D. Analysis of interaction of the KdpD truncations with PtsN-H73A by BACTH. The plasmids coding for the various T18-KdpD variants were introduced into strain BTH101 carrying plasmid pBGG262 encoding T25-PtsN-H73A and subsequently the b-galactosidase activities were measured as described in (C).
below the threshold for kinase activation, while the intracellular K 1 concentration is still high. KdpD carries additional domains contributing to signalling including a GAF domain (Fig. 1A) , which in analogy to other histidine kinases could serve to transduce the extracellular K 1 signal to the DHp helix bundle (Bhate et al., 2015) . Research in recent years has identified accessory proteins that influence the activities of histidine kinases by interaction (Mitrophanov & Groisman, 2008; Buelow & Raivio, 2010; Jung et al., 2012; Groisman, 2016) . These proteins can mediate feedback regulation of TCSs, connect TCSs to other regulatory pathways or expand the range of stimuli to which a TCS may respond. Two accessory proteins were identified for KdpD in E. coli. Under salt stress, the universal stress protein UspC interacts with the Usp domain in KdpD (Fig. 1A ) resulting in activation of KdpD/KdpE irrespective of the K 1 signal (Heermann et al., 2009a (Heermann et al., , 2009b .
Moreover, the phosphotransferase protein PtsN (alternative name EIIA Ntr ) activates the KdpD/KdpE TCS by binding to KdpD, boosting kdpFABC expression (L€ uttmann et al., 2009, 2015) . PtsN is member of the PTS Ntr , which is an abridged PEP-dependent phosphotransferase system (PTS) that is conserved in Proteobacteria and operates in parallel to the canonical PTS dedicated to carbohydrate uptake (Pfl€ uger-Grau & G€ orke, 2010) . PTS Ntr is composed of three proteins that constitute a phosphorylation chain working in the order PEP ! EI Ntr ! NPr ! PtsN (Rabus et al., 1999; Zimmer et al., 2008) . Both, the Trk as well as KdpFABC transporters, are regulated by PtsN in E. coli. PtsN inhibits Trk by binding to subunit TrkA (Lee et al., 2007) . On the other hand, PtsN stimulates KdpD kinase activity by interaction, activating kdpFABC transcription (L€ uttmann et al., 2009) . Consequently, ptsN mutants are disturbed in K 1 homeostasis (Lee et al., 2010) . Notably, only non-phosphorylated PtsN is able to efficiently bind and regulate TrkA and KdpD in E. coli (Lee et al., 2007; L€ uttmann et al., 2009 Lee et al., 2013; L€ uttmann et al., 2015; Ronneau et al., 2016) . Regulation of KdpD by interaction with PtsN was also observed in Pseudomonas putida and Rhizobium leguminosarum emphasizing its importance in a wide range of species (Prell et al., 2012; Deuschle et al., 2015) . The mechanism(s) underlying activation of histidine kinases by accessory proteins are not well understood. To learn how PtsN activates KdpD, we investigated the interplay of both proteins in detail. Bacterial two-hybrid (BACTH) assays and surface plasmon resonance (SPR) spectroscopy map the PtsN binding site to the DHp domain of KdpD, which is also contacted by response regulator KdpE for receipt of the phosphoryl-group. Consequently, KdpE and PtsN compete for binding to KdpD, providing a paradox: On the one hand, PtsN increases the level of phosphorylated KdpE by stimulation of KdpD kinase activity. On the other hand, it blocks the access of KdpE to KdpD by occluding its binding site. A ligand fishing approach provided insight, as it detected formation of asymmetric ternary complexes in vivo composed of PtsN, KdpE and a KdpD dimer. Our data indicate a mechanism, in which PtsN binds to one protomer of the KdpD dimer stimulating phosphorylation of the second protomer in trans, which then phosphorylates the response regulator.
Results

PtsN interacts with the DHp domain of histidine kinase KdpD
To gain insight into how PtsN activates KdpD/KdpE, we first localized the domain in KdpD contacted by PtsN. KdpD consists of two large N-and C-terminal cytoplasmic portions, which offer numerous possibilities for interaction (Fig. 1A) . We analyzed the interaction properties of truncated KdpD variants using the bacterial adenylate cyclase-based two-hybrid system (BACTH). BACTH monitors protein-protein interaction in E. coli by reconstitution of activity of a split adenylate cyclase (CyaA) through interaction of candidate proteins that were fused to the T18 and T25 fragments of CyaA respectively. We generated a series of plasmids coding for various truncated KdpD variants fused to the CyaA-T18 fragment (Fig. 1B) . To validate these constructs, we first tested interaction with response regulator KdpE fused to the T25 fragment. All strains that produced T18-KdpD variants containing the transmitter domain (TD) generated high b-galactosidase activities indicating interaction with KdpE (Fig. 1C , variants A, G, H, I, J). Only background activities were measured for all other variants, which lacked the TD completely or partially (Fig. 1C, variants B, C, D, E, F, K, L, M). Therefore, KdpE interacts with the KdpD-TD, as expected for a response regulator.
We obtained similar results, when testing interaction of the KdpD variants with a PtsN variant carrying an alanine substitution of the His73 phosphorylation site. According to previous results PtsN-H73A mimics nonphosphorylated PtsN (Lee et al., 2005; L€ uttmann et al., 2009) . Again, all variants lacking all parts of the TD lost the ability to interact with PtsN-H73A (Fig. 1D , variants C, D, E, F), whereas interaction was observed with all KdpD variants possessing this domain (Fig. 1D , variants G, H, I, J). However, as a difference to KdpE, the Cterminal CA domain was dispensable for interaction with PtsN-H73A (Fig. 1D, variants B, K, L) . Notably, a construct comprising solely the DHp domain still interacted similarly efficient as full-length KdpD (Fig. 1D, variant L) . In contrast, no interaction was detectable when testing a construct containing only the CA domain (Fig. 1D , variant M). In conclusion, both, PtsN as well as KdpE, apparently interact with the KdpD-TD. As a difference the DHp domain is sufficient for interaction with PtsN, whereas KdpE requires both, the DHp as well as the CA domain.
A random mutagenesis approach reveals a putative interaction surface contacted by PtsN in the KdpD DHp domain
To confirm that PtsN contacts the DHp domain in KdpD and to gain insight in underlying molecular interactions, we performed a random mutagenesis screen in the context of BACTH to identify amino acids in the C-terminal cytoplasmic domain of KdpD, which are essential for interaction with PtsN ( Fig. 2A) . Briefly, the 3 0 half of T18-kdpD was mutagenized by error prone PCR and the resulting mutant plasmid library was phenotypically screened for KdpD variants that lost interaction with T25-PtsN-H73A (see Experimental procedures).
In sum, 11 different single exchanges affecting 9 amino acid residues in KdpD could be identified, which abolish or strongly decrease interaction with PtsN ( Fig. 2A and C; Supporting Information Fig. S1 ). Two different exchanges were obtained for amino acid residues Phe683 and Leu689, corroborating importance of these residues for interaction with PtsN. Noteworthy, all detected amino acid exchanges localize in the DHp domain of KdpD except for the L642P and L785P substitutions, which map in the vicinity ( Fig. 2A) . As proline residues are known to disrupt protein secondary structures (Vanhoof et al., 1995) , these exchanges may distort the overall structure of the KdpD C-terminus impairing interaction non-specifically. The other seven exchanges map in the C-terminal half of helix a1 and in the N-terminal half of helix a2 of the DHp domain ( Fig. 2A) . Interestingly, when mapped onto a structural model of the TD of KdpD, the affected residues in the two a-helices are located in close proximity on the surface of the DHp domain (Fig. 2B ). This patch of amino acids may form an interaction surface recognized by PtsN. This assumption is supported by the observation that most of these amino acids are conserved in enterobacterial KdpD proteins but to a minor degree in the two KdpD proteins of the bproteobacterium Ralstonia eutropha ( Fig. 2A) , which do not interact with PtsN (Karstens et al., 2014) .
The DHp domains of histidine kinases mediate homodimerization and are also contacted by their cognate response regulators (Casino et al., 2010; Podgornaia & Laub, 2013 ). Therefore, we tested whether the various amino acid exchanges identified by the mutagenesis screen would also affect homo-dimerization and/or interaction of KdpD with KdpE. According to BACTH analysis most KdpD variants retained the potential to form dimers with wild-type KdpD (Supporting Information Fig.  S2 ). Similarly, most KdpD variants still interacted with KdpE albeit some with somewhat reduced efficiency (Fig. 2D) . Out of the various exchanges only the proline exchanges L642P and L785P abolished binding of KdpE and concurrently impaired KdpD homo-dimerization, supporting the idea that these exchanges affect interaction non-specifically by structural distortion (Fig. 2D , Supporting Information Fig. S2 ). In conclusion, PtsN and KdpE either contact different amino acids in the KdpD DHp domain or the mutations abrogating interaction with PtsN are not sufficient to abolish interaction with KdpE.
Binding of PtsN and KdpE to the KdpD-TD is mutually exclusive
The observation that both, PtsN as well as KdpE, interact with the TD of KdpD raised the question whether binding of these proteins to KdpD occurs simultaneously or is mutually exclusive. First, we addressed this question using BACTH. We assessed whether co-expression of ptsN-H73A from a compatible plasmid would disturb binding of KdpE to KdpD indicating competition for binding. In a complementary experiment we measured interaction between PtsN-H73A and KdpD and studied the consequence of kdpE co-expression.
To this end, we used low copy plasmids carrying ptsN-H73A or kdpE under control of the arabinoseinducible P ara promoter respectively. Both genes were provided with the same ribosomal binding site to trigger comparable translation rates. The bacteria were grown in the presence of various arabinose concentrations to trigger incremental levels of the plasmid-encoded proteins. Comparable high b-galactosidase activities, which were not influenced by arabinose, were measured when cells carried the empty expression vector or a plasmid encoding the unrelated rapZ gene (Fig. 3A and B) . Therefore, overproduction of a protein per se has no negative effect on interaction of KdpD with KdpE or PtsN-H73A. Presence of the plasmid expressing ptsN-H73A did not affect interaction of KdpE with KdpD in the absence of arabinose. However, with increasing arabinose concentrations, a concomitant decrease in bgalactosidase activities was observed (Fig. 3A) . Nearly back-ground activities indicating a complete loss of interaction were obtained only at the highest arabinose Interaction of PtsN with kinase KdpD 57 concentration (Fig. 3A, last bar) . In contrast, in the complementary experiment assessing the effect of kdpE co-expression on interaction between PtsN-H73A and KdpD, a twofold reduction of b-galactosidase activities was observed in the absence of arabinose and background activities were already obtained in the presence of intermediary arabinose concentrations (Fig. 3B) . These results indicate that PtsN and KdpE interfere with each other in binding to KdpD, i.e. KdpD cannot interact with both proteins at the same time. Moreover, the data suggest that low KdpE concentrations are already sufficient to prevent PtsN-H73A from binding. In comparison, higher concentrations of PtsN-H73A are required to disrupt binding of KdpE to KdpD.
To corroborate these results, we repeated the experiments with constitutively expressed competitors. In addition, wild-type ptsN was included for comparison. In this case, we determined the b-galactosidase activities at A. Location of the amino acid exchanges identified in the screen for KdpD variants impaired in interaction with PtsN. The DNA sequence encoding the C-terminal portion of KdpD (indicated by horizontal arrows) in plasmid pBGG369 was subjected to error prone PCR and recombinants were screened for loss of interaction with PtsN using the BACTH system. Identified single amino acid exchanges abrogating interaction with PtsN are depicted at the top above a schematic representation of the domain composition of KdpD. Below, a sequence alignment of the DHp domains of KdpD proteins from various bacterial species is shown and the residues hit in the mutagenesis screen are indicated by vertical arrows and grey shading. Residues in red are fully conserved and residues in blue are conserved in the majority of species. The positions of helices a1 and a2 and of the linker composing the HisKA domain are shown below the alignment. B. Model of the structure of the KdpD-TD. The model was calculated by www.proteinmodelportal.org using file 4jasA as template. The CA domain is shown in green, the a-helices of the DHp domain in blue and the connecting linker in magenta. The His673 phosphorylation site is depicted in red and the positions of the mutations identified in the screen for loss of interaction with PtsN are highlighted in yellow. C. BACTH analysis addressing interaction of the various mutant KdpD proteins with PtsN-H73A. The plasmids encoding the indicated KdpD variants fused to CyaA-T18 (listed in Supporting Information Table S3 ) were introduced into strain BTH101 carrying plasmid pBGG262 coding for the T25-PtsN-H73A fusion protein. In column 1 plasmid pBGG369 encoding wt KdpD [aa 253-894] fused to T18 was tested. The empty plasmids pKT25 and pUT18C were used as negative control (column 2). The b-galactosidase activities were determined from cultures grown in LB to exponential phase. D. BACTH analysis testing interaction of the T18-KdpD variants with T25-KdpE. As a difference to (C) cells carried plasmid pBGG263 encoding T25-KdpE rather than plasmid pBGG262.
various times during growth (Supporting Information Fig.  S3 ). Indeed, only background activities could be measured when assessing the effect of kdpE co-expression on interaction of PtsN-H73A with KdpD (Supporting Information Fig. S3B ). Comparable observations were made in the complementary experiment addressing the effect of ptsN-H73A co-expression on interaction of KdpD with KdpE (Supporting Information Fig. S3A ). Furthermore, synthesis of wild-type PtsN reduced the activities only approximately twofold when assessing the latter interaction (Supporting Information Fig. S3A ). Thus, PtsN-H73A has a stronger negative impact on KdpE-KdpD complex formation as compared to wildtype PtsN, reflecting the higher affinity of the phosphoablative PtsN derivative for KdpD (L€ uttmann et al., 2009; and ff.) .
Comparison of the competition performance of KdpE and PtsN-H73A in vitro
To gain quantitative insight into competition between PtsN and KdpE for binding to KdpD, we used SPR spectroscopy. First, we purified and immobilized the soluble C-terminal portion of KdpD (aa 499-894) via a C-terminal His 6 -tag onto a sensor chip that was precoated with aHis antibodies and injected increasing concentrations of Strep-PtsN and Strep-PtsN-H73A respectively. Interactions became readily detectable and affinity calculations revealed an overall affinity (K D ) of 180 nM for PtsN and of 54 nM for PtsN-H73A ( Fig. 4A and B). The two interactions differ in particular in the association rate (k a ) of the binding kinetics, which is much slower for PtsN (k a 5 5.8 3 10 3 M 21 s 21 ) than for PtsN-H73A (k a 5 3.1 3 10 4 M 21 s 21 ), whereas the dissociation rates (k d ) are similar (i.e. 1.7 3 10 23 s 21 for both proteins). We detected no interaction when using the His 6 -tagged GAF domain (aa 515-655) rather than the complete C-terminal domain of KdpD as ligand (Supporting Information Fig. S4 ), corroborating that this domain is not contacted by PtsN. To confirm that PtsN as well as KdpE bind to the TD (aa 649-894) of KdpD, we purified and captured the latter domain via an N-terminal Strep epitope onto a sensor chip that was pre-coated with StrepTactin. Subsequently, purified A. Overexpression of ptsN-H73A interrupts formation of the KdpE/KdpD complex. BACTH analysis addressing the effect of incremental ptsN-H73A expression levels on interaction of T18-KdpE with KdpD-T25. Strain BTH101 was used, which carried the BACTH vectors pBGG422 encoding T18-KdpE and pBGG267 encoding KdpD-T25 and one of the following arabinose-inducible expression plasmids as indicated in the figure: pBGG418 (empty expression plasmid, light grey columns), pBGG428 encoding rapZ (medium grey columns) or pBGG427 encoding ptsN-H73A (dark grey columns). B. Overexpression of kdpE impairs interaction of PtsN-H73A with KdpD. BACTH analysis addressing the effect of incremental kdpE expression levels on interaction of T18-PtsN-H73A with KdpD-T25. Strain BTH101 was used, which carried the BACTH vectors pSB1 encoding T18-PtsN-H73A and pBGG267 encoding KdpD-T25 and one of the following arabinose-inducible expression plasmids as indicated in the figure: pBGG418 (empty expression plasmid, light grey columns), pBGG428 encoding rapZ (medium grey columns) or pBGG429 encoding kdpE (black columns). The transformants in (A) and (B) were grown in LB supplemented with 1 mM IPTG and the following arabinose concentrations respectively (corresponding to the columns from left to right): 0%, 0.025%, 0.05%, 0.1%, 0.2%, 0.4%, 0.8%, 1.6%. b-Galactosidase activities were determined from cells harvested in the exponential growth phase.
His 10 -PtsN, His 10 -PtsN-H73A and for comparison His 10 -KdpE were injected at various concentrations over the chip respectively. Indeed, interaction of all these proteins with the KdpD-TD could be detected (Supporting Information Fig. S5A -C) revealing affinities of 532 nM for His 10 -PtsN and 263 nM for His 10 -PtsN-H73A. A much higher affinity corresponding to 7 nM was determined for His 10 -KdpE.
To study competition of PtsN-H73A and KdpE for binding to the KdpD-TD, we used a reverse experimental setup in which PtsN-H73A was captured via an Nterminal Strep-epitope onto the sensor chip and the His 10 -tagged TD of KdpD was injected as analyte (Fig. 5A) . The calculated affinity constant of 288 nM was close to the K D determined before by the reverse approach (K D 5 263 nM; Supporting Information Fig. S5B ). We repeated the experiment but used the KdpD-TD-Phe683Ser derivative as analyte, which according to BACTH lost the ability to interact with PtsN-H73A (Fig. 2) . Indeed, interaction was abolished in this case (Fig. 5B) , corroborating importance of Phe683 for interaction with PtsN and validating the results of the mutagenesis screen. Likewise, binding could not be observed when His 10 -KdpE was used as analyte, demonstrating that PtsN-H73A and KdpE do not interact (Fig. 5D ). Finally, we injected mixtures containing equimolar concentrations of His 10 -KdpD-TD and His 10 -KdpE over the chip (Fig. 5C) . Intriguingly, the additional presence of KdpE abolished interaction, indicating that KdpE sequesters the KdpD-TD completely when present at a 1:1 ratio, thereby suppressing binding to PtsN-H73A (compare Fig. 5A with C) .
Next, we performed the complementary experiment, testing whether PtsN-H73A prevents binding of the KdpD-TD to KdpE. His 10 -KdpE was captured on the sensor chip and solutions containing either Strep-KdpD-TD alone or mixed with Strep-PtsN-H73A at various molar ratios were injected. When the Strep-tagged TD of KdpD was injected alone, a tight interaction was detected (K D 5 9 nM; Fig. 6A , left panel) confirming the high affinity that was determined before in the reverse experimental setup (K D 5 7 nM; Supporting Information Fig. S5C ). The overall binding kinetics was shaped by a high association and a low dissociation rate of k a 5 6.8 3 10 4 M 21 s 21 and k d 5 4.4 3 10 24 s 21 respectively.
Comparable sensorgrams and binding kinetics were obtained when Strep-KdpD-TD and Strep-PtsN-H73A were co-injected at 1:1, 1:10 and 1:100 ratios, respectively ( Fig. 6A and B) . The increasing PtsN-H73A concentrations had no effect on the overall affinity (K D s) measured for the KdpD-TD/KdpE interaction. However, with an increasing PtsN-H73A/KdpD-TD ratio the maximum feasible signal between the ligand/analyte pair (R max ) decreased to approximately 50% (i.e. from 231 RU to 128 RU at 200 nM KdpD-TD), revealing that a fraction of the KdpD-TD molecules is sequestered by PtsN-H73A preventing binding to the chip surface (Fig.  6C) . Thus, presence of PtsN-H73A does neither affect affinity nor the kinetics of binding of KdpD-TD to KdpE, but reduces the number of KdpD-TD molecules that are available for interaction with KdpE. Collectively, the SPR data revealed that PtsN-H73A binds with higher affinity to the TD of KdpD than wildtype PtsN, corroborating the differences in interaction fidelity detected by BACTH [Supporting Information Fig.  S10A ; (L€ uttmann et al., 2009) ]. However, the affinity of KdpE for the KdpD-TD is roughly one order of magnitude higher as compared to PtsN-H73A. Accordingly, KdpE easily outcompetes PtsN-H73A when present at comparable concentrations, whereas a high excess of PtsN-H73A over KdpE is required to prevent binding of the latter protein to KdpD. These results are in agreement with the BACTH competition experiments (Fig. 3) , showing that KdpE and PtsN-H73A compete for binding to presumably overlapping binding surfaces on the KdpD-TD and that KdpE is the superior competitor.
Depending on the concentration PtsN-H73A may activate or inhibit kdpFABC expression Our data revealed that PtsN-H73A partially blocks access of KdpE to KdpD when present in high excess over KdpE. From this observation we predicted that increasing cellular PtsN-H73A levels should concomitantly trigger incremental kdpFABC expression levels, but should act inhibitory when exceeding a certain threshold by occupying all binding sites on KdpD, blocking access for KdpE. To prove this prediction, we studied the effect of progressively increasing ptsN-H73A expression levels on transcription of an ectopic kdpFA 0 -lacZ reporter fusion on the chromosome. Expression of the lacZ fusion is controlled by the endogenously encoded KdpD/KdpE TCS. We introduced a plasmid carrying ptsN-H73A under P ara control into this strain and applied increasing arabinose concentrations to induce incremental PtsN-H73A levels. An isogenic plasmid expressing rapZ as well as the empty expression vector served as negative controls. As expected, only background activities were measured in the latter cases, regardless of the arabinose concentration (Fig. 7) . These low activities reflect inactivity of the KdpD/KdpE TCS due to the high K 1 concentration present in LB medium, leading to repression of the kdpFABC operon. However, when assessing the cells carrying the ptsN-H73A plasmid, activities first increased continuously with incremental arabinose concentrations but decreased again in the presence of highest arabinose concentrations (Fig. 7) . Thus, when present at high levels, PtsN-H73A reduces expression of the kdpFABC operon by limiting access of KdpE to KdpD as predicted. (Heermann et al., 1998) . This observation provides the opportunity for a model implying that PtsN could bind to one KdpD protomer to stimulate autophosphorylation of the second protomer, which interacts with KdpE. Thus, PtsN could stimulate KdpE phosphorylation within a ternary PtsN/KdpD 2 /KdpE complex without any requirement for dissociation and subsequent replacement by KdpE.
To investigate whether such complexes form in vivo, we used ligand fishing and tested whether KdpE could be indirectly co-purified through its association with a KdpD dimer when using Strep-PtsN-H73A as bait. First, we assessed this possibility by using only the TD of KdpD, since this domain is soluble and forms homodimers on its own. To this end, we produced StrepPtsN-H73A and as a negative control the Strep-peptide as baits from plasmids. In addition, compatible plasmids were present triggering synthesis of the prey proteins, i.e. either the KdpD-TD or KdpE or both proteins. Cells carrying the empty prey expression plasmid served as negative control. The bait and prey genes were expressed from IPTG-inducible P tac promoters. Cell lysates of the various transformants were prepared (Fig.  8, top panel) and subjected to StrepTactin affinity chromatography. The eluates obtained from these purifications were subsequently analysed by SDS-PAGE/ Coomassie blue staining (Fig. 8 , bottom panel; Supporting Information Fig. S6 ). The KdpD-TD was retrieved in the purification eluate when Strep-PtsN-H73A was used as bait, but not when the Strep-peptide was produced, confirming interaction between PtsN-H73A and the KdpD-TD (Fig. 8 , lanes 4-5; Supporting Information Fig.  S6D and E). In contrast, KdpE could not be co-purified with PtsN-H73A (Fig. 8, lane 3 ; Supporting Information Fig. S6B and C) corroborating the SPR results indicating that these proteins do not interact (Fig. 5D) . However, when KdpE and the KdpD-TD were cosynthesized, both proteins were co-purified with StrepPtsN-H73A, but not when the Strep-peptide was used as bait (Fig. 8, lanes 6-7; Supporting Information Fig.  S6F and G) . As KdpE and PtsN-H73A cannot bind to the same KdpD monomer, the co-purified KdpE must derive from ternary complexes in which KdpE and Strep-PtsN-H73A contact different protomers of the KdpD-TD dimer.
Ternary complexes composed of PtsN, KdpE and full-length KdpD are detectable in vivo
Encouraged by the result of the co-purification experiment using the KdpD-TD (Fig. 8) , we performed an additional ligand fishing experiment, but made use of endogenously encoded full-length KdpD to test for indirect co-purification of PtsN-H73A and KdpE from complexes formed together with the KdpD dimer in its physiologically relevant form.
First, we tested whether the membrane-bound KdpD protein could be co-purified from cells by Strep-Tactin affinity chromatography when using Strep-tagged KdpE or Strep-PtsN-H73A as baits. Genes kdpD and kdpE are part of the kdpFABCDE operon and therefore their expression is auto-regulated and increases upon K 1 limitation (Polarek et al., 1992; Surmann et al., 2014) . Indeed, KdpD was undetectable by Western blotting in a wild-type strain grown in LB, but became visible upon expression of strep-kdpE from a plasmid (Fig. 9A, lanes  3-5) . Overproduction of response regulators often leads to activation of target genes even when the cognate kinase is in the OFF state (Hirakawa et al., 2003; Itou et al., 2009 ). This also applies to KdpE as deduced from the activity of a chromosomal kdpFA 0 -lacZ reporter fusion present in this strain (Supporting Information Fig.  S7 ). Likewise, plasmid-driven expression of strep-ptsN-H73A also activated expression of the kdp operon and thereby KdpD synthesis, but to a weaker extent (Fig.  9A , lane 6; Supporting Information Fig. S7 ). Next, we subjected the lysates of these transformants to StrepTactin affinity chromatography ( Fig. 9B ; Supporting Information Fig. S8 ). Analysis of the eluates demonstrated successful co-purification of KdpD with StrepKdpE as well as Strep-PtsN-H73A, but not with the Strep-peptide (Fig. 9B, lanes 1-3) . To exclude that KdpD was retained in the eluate by unspecific Fig. 7 . Impact of ptsN-H73A expression levels on kdpFABC transcription rates. Plasmids encoding rapZ (pBGG428), ptsN-H73A (pBGG427) or no gene (pBGG418) under P ara promoter control were introduced into strain Z367, which carries a transcriptional kdpFA 0 -lacZ fusion in the kattB site on the chromosome. The various transformants were grown in LB supplemented with the following arabinose concentrations respectively (corresponding to the columns from left to right): 0%, 0.025%, 0.05%, 0.1%, 0.2%, 0.4%, 0.8%, 1.6%. b-Galactosidase activities were determined from exponentially growing cells. interaction with the StrepTactin matrix, we included a further control using a strain carrying the plasmid producing the Strep-peptide and an additional plasmid expressing kdpD from the P tac promoter. This strain produced somewhat higher KdpD levels as compared to the strain overproducing Strep-KdpE (Fig. 9A , compare lanes 5 and 8). Nonetheless, KdpD could not be detected in the corresponding eluate (Fig. 9B, lane 4) , demonstrating specificity of KdpD co-purification through interaction with the bait proteins. In conclusion, KdpD, albeit membrane-bound, efficiently co-purifies when using its cytoplasmic interaction partners as bait. Successful pull-down of membrane proteins by soluble bait proteins through Strep-Tactin affinity chromatography was also reported previously (Jarchow et al., 2008; L€ uttmann et al., 2012; Martinez et al., 2016) .
To test for formation of ternary KdpE/KdpD 2 /PtsN-H73A complexes in the cell, we repeated the copurification experiment using Strep-KdpE as bait, but as a difference cells additionally synthesized His 10 -tagged PtsN-H73A as prey from a compatible plasmid (Fig.  10A, lane 7) . Cells, which carried isogenic plasmids encoding only the Strep-tag or the His 10 -tag in addition to the respective prey and bait plasmids, were employed as negative controls (Fig. 10A, lanes 5-6) . Western blotting analysis using antisera directed against the Strep-tag and the His 10 -tag proved proper production of Strep-KdpE and His 10 -PtsN-H73A from the corresponding plasmids (Fig. 10A, panels 2 and 4, lanes 5-7) . KdpD could not be detected in the empty strain by immunoblotting, but became visible upon plasmid-driven overexpression of strep-kdpE (Fig. 10A, panel 3 , compare lanes 5, 7 with lanes 3, 4). Overexpression of his 10 -ptsN-H73A likewise induced synthesis of KdpD, but to a weaker extent as compared to Strep-KdpE, recapitulating the observations from Fig. 9A (Fig. 10A, panel 3, lane 6) . Next, we subjected the lysates of the various overproducers (Fig. 10A, lanes 5-9) to StrepTactin affinity Transformants of strain Z367 were tested, which carried two compatible plasmids, encoding the Strep-tagged bait protein (Strep PtsN-H73A or Streppeptide only) and the His 10 -tagged prey protein(s) (His 10 -KdpE and/or His 10 -KdpD-TD or His 10 peptide only) respectively, as indicated at the top. Bacteria were grown in LB and protein synthesis was induced with 1 mM IPTG when the culture reached an OD 600 of 0.5. Following an additional 1-h incubation, cells were harvested. Subsequently, cleared lysates of the transformants overproducing the desired bait and prey proteins (top panel shows aliquots separated by SDS-PAGE) were subjected to StrepTactin affinity chromatography and proteins (co)-eluting in elution fraction 2 were analyzed by SDS-PAGE and Coomassie blue staining (bottom panel). Aliquots of conventionally purified Strep-PtsN-H73A, His 10 -KdpD-TD and His 10 -KdpE were loaded at the right (lanes 8-10) to identify these proteins in the cleared lysates and in the elution fractions. Bacteria carried the following plasmids encoding the mentioned proteins: pMM2 (Strep-PtsN-H73A; lanes 1, 3, 5, 7), pMM10 (strep-tag only; lanes 2, 4, 6), pKES170 (His 10 -tag only; lane 1), pMM8 (His 10 -KdpE; lanes 2, 3), pBGG406 (His 10 -KdpD-TD; lanes 4, 5), pMM4 (His 10 -KdpE and His 10 -KdpD-TD; lanes 6, 7). chromatography ( Fig. 10B; Supporting Information Fig.  S9 ). KdpD was successfully co-purified alongside StrepKdpE, but not alongside the Strep-peptide (Fig. 10B, panels 1-3, lanes 1-3) . Intriguingly, His 10 -PtsN-H73A became readily detectable in the eluate when it was cosynthesized with Strep-KdpE but not when cosynthesized with the Strep-peptide (Fig. 10B, panel 4,  lanes 1-3) . Thus, PtsN-H73A co-purifies with KdpE through association of both proteins with a KdpD dimer, confirming formation of ternary PtsN-H73A/KdpD 2 /KdpE complexes in the cell (Fig. 11) .
A phosphomimetic mutation mimicking phosphorylation prevents incorporation of PtsN into the KdpD 2 /KdpE complex
The ability of PtsN to bind and activate KdpD is controlled by its phosphorylation state (L€ uttmann et al., 2009) . Thus, we predicted that phosphorylation of PtsN should impair its incorporation into the ternary complexes detected by our ligand fishing approach (Fig.  10B) . To address this hypothesis, we used a PtsNHis73Glu variant as phosphorylated amino acids can 
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often be mimicked by a negatively charged glutamate residue (Dissmeyer & Schnittger, 2011 ). First, we tested interaction of PtsN-H73E fused to CyaA-T25 with T18-KdpD by BACTH (Supporting Information Fig. S10A ). Indeed, an approximately sevenfold lower activity was observed in case of the PtsN-H73E variant as compared to PtsN-H73A and this activity was even slightly lower as observed for wild-type PtsN, which was previously shown to predominantly prevail in its phosphorylated form under standard growth conditions (Bahr et al., 2011; L€ uttmann et al., 2015) . In addition, we used SPR spectroscopy to test binding of purified Strep-PtsN-H73E to the cytoplasmic C-terminal portion of KdpD (Fig. 4C) . The overall affinity constant (K D ) of PtsN-H73E for the KdpD C-terminal domain was ninefold higher as compared to the PtsN-H73A variant (508 versus 54 nM; k a 5 3.3 3 10 3 M 21 s 21 , k d 5 1.7 3 10 23 s 21 ), corroborating that the negatively charged Glu residue mimics phosphorylation of PtsN, thereby inhibiting its interaction with KdpD. Next, we tested whether the diminished ability of PtsN-H73E to interact with KdpD also results in less effective stimulation of kdpFABC transcription. To this end, we used strains carrying a kdpFA 0 -lacZ reporter A. Analysis of total cell extracts ('input') that were subsequently subjected to StrepTactin affinity chromatography for ligand fishing. Bacteria were grown as described for Fig. 8 and resulting cell extracts were separated by SDS-PAGE and either stained with Coomassie blue (top panel) or subjected to Western blotting using antisera directed against the Strep-tag to visualize the bait Strep-KdpE (second panel) or against KdpD (third panel) or the His 10 -tag which was fused to the N-terminus of the PtsN variants (bottom panel). Strain Z406 was used, which lacked the endogenous ptsN gene, except for lane 4 in which strain JW0683 (DkdpD) was employed. In addition, the following plasmids were present encoding the proteins given in parentheses: pMM9 (Strep-KdpE; lanes 5, 7, 9), pMM10 (strep-tag only; lanes 6, 8), pKES170 (His 10 -tag only; lane 5), pBGG211 (His 10 -PtsN-H73A; lanes 6, 7), pBGG400 (His 10 -PtsN-H73E; lanes 8, 9). Aliquots of conventionally purified His 10 -PtsN-H73A (top panel, lane 1; bottom panel, lane 2), Strep-KdpE (second panel, lane 2) and KdpD-His 6 (third panel, lane 2) were loaded alongside, respectively, to verify identity of the detected proteins. B. Analysis of eluates obtained by StrepTactin affinity chromatography ('output') using the lysates analyzed in (A), lanes 5-9 as 'input'. The eluates were analyzed as described in (A). fusion in the chromosome. As observed before (Supporting Information Fig. S7 ), this fusion is not expressed in the wild-type strain nor in the DptsN mutant, which is explained by the high K 1 concentration of the LB medium inhibiting KdpD kinase activity (Supporting Information Fig. S10B ). Complementation with a plasmid expressing ptsN-H73A from the P ara promoter caused a high kdpFA 0 -lacZ expression level. In contrast, a sixfold lower expression was observed upon introduction of an isogenic plasmid encoding the phosphomimetic PtsN-H73E variant and this activity was again slightly lower as compared to wild-type PtsN, perfectly reflecting the BACTH data (compare Supporting Information Fig.  S10A and B). These observations support our previous conclusion that PtsN is capable to bind and activate KdpD at [K 1 ] that usually inhibit activity of this kinase and that phosphorylation of PtsN impairs this activity. Finally, we performed a ligand fishing experiment as described before, but used the phosphomimetic His 10 -tagged PtsN-H73E variant rather than His 10 -PtsN-H73A as prey for the Strep-KdpE/KdpD 2 complex (Fig. 10A,  lanes 8, 9) . The His 10 -PtsN-H73E variant did not induce visible KdpD synthesis (Fig. 10A, compare lanes 6 and  8) . This result is consistent with the weak induction of kdpFA 0 -lacZ expression by the PtsN-H73E variant (Supporting Information Fig. S10B ). However, KdpD became detectable upon co-expression of his 10 -ptsN-H73E and strep-kdpE, as a consequence of KdpE overproduction (Fig. 10A, panel 3, lane 9) . Notably, following StrepTactin affinity chromatography of this lysate, His 10 -PtsN-H73E could not be detected in the eluate albeit KdpD co-purified efficiently with Strep-KdpE (Fig. 10B, lane 5) . This result indicates that phosphorylation of PtsN impairs its association with KdpD 2 /KdpE complexes and also provides proof of specificity of the PtsN-H73A/ KdpD 2 /KdpE complexes detected by this approach (Fig.  10B, lane 3) .
Discussion
Regulation of histidine kinases by interaction with accessory proteins recently emerged as a novel principle in two-component signal transduction. How accessory proteins activate their cognate kinases is little understood. To gain insight, we analyzed interaction of histidine kinase KdpD with its accessory protein PtsN. We show that PtsN interacts with the catalytic DHp domain to stimulate kinase autophosphorylation, which has so far not been reported for any other accessory protein.
Counterintuitively, binding of PtsN and response regulator KdpE to the same KdpD molecule is mutually exclusive as both proteins share a binding surface on the DHp domain. This paradox is solved by the finding that the KdpD dimer forms ternary complexes in which one protomer binds PtsN whereas the second protomer is contacted by KdpE (Fig. 11) . Signalling may occur within this ternary complex. That is, association of PtsN may provoke structural rearrangements in the interacting KdpD protomer stimulating autophosphorylation of the second protomer in trans, which then phosphorylates KdpE (Fig. 11) .
Using BACTH and SPR, we mapped the PtsN binding site within the DHp domain of KdpD ( Fig. 1D and Supporting Information Fig. S5 ). The phosphoablative PtsN variant binds the catalytic core of KdpD (Fig. 5A , Supporting Information Fig. S5B ), but affinity was fivefold higher (i.e. 54 nM) when interaction with the complete C-terminal domain of KdpD was tested (Fig. 4B) . The higher affinity of the latter interaction is mainly caused by a lower dissociation rate, arguing for a stable interaction of non-phosphorylated PtsN with the KdpD Cterminal domain. A twofold to threefold lower affinity was determined for wild-type PtsN (Fig. 4A and Supporting Information S5A). However, a fraction of the phosphorylgroups is likely removed from PtsN during protein purification, due to the intrinsic lability of the phosphoamidate bond (Wang et al., 2005) , making it difficult to ascribe the measured affinity (K D 5 180 nM; Fig. 4A ) solely to the phosphorylated form of PtsN. Compared to the nonphosphorylated protein, the binding affinity of completely phosphorylated PtsN might be ninefold lower as judged Ntr phospho-relay. Non-phosphorylated PtsN binds to the DHp domain within the transmitter module of KdpD and activates its kinase function triggering increased levels of phospho-KdpE, which activates the kdpFABCDE operon. As the transmitter domain is also contacted by KdpE at an apparently overlapping site, PtsN and KdpE cannot simultaneously bind to one and the same KdpD subunit. In contrast, ternary complexes are formed composed of PtsN bound to one KdpD subunit, while KdpE binds to the second subunit within the KdpD dimer. As KdpD autophosphorylates in trans, PtsN may stimulate cross-phosphorylation of the KdpD subunit interacting with KdpE without any requirement for dissociation from the complex.
from SPR experiments using the phosphomimetic PtsN-H73E variant (K D 5 508 nM; Fig. 4C ). Noteworthy, phosphorylated PtsN retains a weak potential to bind to KdpD, which is supported by SPR and BACTH data using the phosphomimetic PtsN-H73E derivative ( Fig.  4C and Supporting Information Fig. S10A ). The mode of interaction detected here, provides the opportunity that PtsN interacts with additional histidine kinases, as the TD is conserved. Indeed, PtsN also binds histidine kinase PhoR to increase the level of phosphorylated response regulator PhoB (L€ uttmann et al., 2012) . Our mutagenesis screen for loss of interaction with PtsN identified residues that form a confined patch in the bottom portion of the modelled DHp domain of KdpD, representing a likely binding surface for PtsN (Fig. 2B) . Interestingly, three of these residues (i.e. Leu682, Glu687, Arg708) are conserved in PhoR, and Leu689 and Ile707 are replaced with similar methionine residues, suggesting that the PtsN interaction surface is retained in PhoR. In contrast, in most other histidine kinases of E. coli these residues are less conserved. According to our previous data, PtsN appears to inhibit PhoR phosphatase activity rather than to stimulate kinase activity as observed for KdpD (L€ uttmann et al., 2009, 2012) . PhoR autophosphorylates in cis (Ashenberg et al., 2013), which may explain the different mode of activity control by PtsN, but additional investigations are required to clarify this point.
BACTH and SPR analyses also detected interaction of the KdpD-TD with KdpE ( Figs 1C and 6A) . Usually, response regulators contact helix a1 of the DHp domain below the phosphodonor histidine residue and also residues in helix a2 (Casino et al., 2010; Capra & Laub, 2012; Podgornaia & Laub, 2013; Trajtenberg et al., 2016) . Additional contacts may involve the CA domain and the DHp-CA interdomain linker of the other histidine kinase subunit (Casino et al., 2009; Willett et al., 2015) . This may explain why the CA domain of KdpD is indispensable for interaction with KdpE (Fig. 1C) . In conclusion, KdpE and PtsN presumably share at least the Cterminal part of helix a1 in the DHp domain for interaction. Indeed, several of the identified mutations in helix a1 also reduce interaction with KdpE, albeit considerable interaction potential was retained (Fig. 2D ). This might be explained by the notorious robustness of histidine kinase-response regulator structural interfaces to substitutions (Willett et al., 2015) . SPR measurements revealed an exceptionally high affinity (K D 10 nM) of KdpE for KdpD-TD (Fig. 6A, Supporting Information  Fig. S5C ), which has so far not been reported for any other response regulator. Overall affinities for other cognate response regulator-histidine kinase pairs were reported in the 1 lM range (Cai & Inouye, 2002; Willett et al., 2013) .
As PtsN and KdpE bind a shared surface on the KdpD-TD, they cannot interact simultaneously with one and the same KdpD subunit and therefore compete for binding (Figs 3, 5 and 6) . KdpE easily out-competes PtsN when present at equal concentrations (Fig. 5C) . In contrast, a high excess of PtsN over KdpE is required to prevent KdpE from binding to KdpD (Fig. 6) (Yoo et al., 2016) . The sequestration by GlmS, together with the reduced interaction potential ( Fig. 4B and C) , might prevent incorporation of phosphorylated PtsN into ternary complexes with KdpD and KdpE (Fig. 10B) . We have previously shown that PtsN strongly stimulates KdpD autophosphorylation activity in vitro (L€ uttmann et al., 2009) . Together with the present findings it is reasonable to assume that PtsN elicits the same structural changes in the TD of KdpD that are usually provoked by K 1 limitation. That is, PtsN might trigger a rotational movement of the CA domain of the interacting KdpD subunit, bringing the bound ATP in phosphotransfer distance to the His673 phosphorylation site of the other protomer resulting in phosphoryl-group transfer in trans. The phosphorylated KdpD protomer can then be contacted by KdpE for receipt of the phosphoryl-group (Fig. 11) . This model is strongly supported by our observation that KdpD forms ternary PtsN/KdpD 2 /KdpE complexes in vivo (Figs 8 and 10 ).
Other scenarios such as a mechanism in which interaction with PtsN is required to increase accessibility of KdpD for subsequent interaction with KdpE appear unlikely. KdpD is always accessible for KdpE (Figs 1C and 9) , even though the KdpD N-and C-terminus interact with each other constituting a potential barrier for interacting proteins (Supporting Information Fig. S11 ). Additional experiments also ruled out that the phosphorylation state of KdpD has a role for discrimination against its interaction partners (Supporting Information  Fig. S12 ). As PtsN likely stimulates autophosphorylation of KdpD in trans, which is the canonical mode of KdpD autophosphorylation (Heermann et al., 1998) , there is also no need for KdpE to displace bound PtsN in order to receive the phosphoryl-group. Recent evidence indicates that histidine kinases exhibit an intrinsic asymmetry when present in the kinase-competent state (Bhate et al., 2015) . The bound ATP and the histidine are in phosphotransfer distance in only one of the two subunits leading to accumulation of hemi-phosphorylated kinase dimers. This arrangement leaves only one binding site available for the response regulator, resulting in a 2:1 stoichiometry of the histidine kinase/response regulator complex (Trajtenberg et al., 2016) . The same stoichiometry is also observed here, supporting our model of a kinase-competent ternary PtsN/KdpD 2 /KdpE complex. Interaction of PtsN with KdpD was also observed in P. putida, but in contrast to E. coli it leads to repression of the kdpFABC operon (Deuschle et al., 2015) . Here, we demonstrated that kdpFABC expression levels first increase with incremental PtsN concentrations, but decrease again at highest PtsN levels (Fig. 7) . The latter effect is the consequence of PtsN occupying both binding sites in the KdpD dimer, thereby limiting access for KdpE. It is tempting to speculate that in P. putida PtsN is either synthesized at higher levels over KdpE or has an increased affinity for KdpD, which would turn it from an activator to an inhibitor of KdpE phosphorylation. A very similar scenario was observed for the accessory proteins YycH and YycI, which regulate histidine kinase WalK by interaction. YycHI stimulate the WalR/WalK TCS in Staphylococcus aureus, but act inhibitory in the related species Bacillus subtilis (Szurmant et al., 2008; Cameron et al., 2016) . These observations suggest that accessory proteins are flexible job-hoppers that can rapidly switch their activities during evolution.
Meanwhile, several accessory proteins are known to regulate histidine kinases in addition to their cognate signals (Buelow & Raivio, 2010; Jung et al., 2012; Groisman, 2016 ). An interesting example is VieB in Vibrio cholera (Mitchell et al., 2015) : the ability of VieB to inhibit its cognate kinase is regulated by phosphorylation. Only non-phosphorylated VieB is active as observed for PtsN [Fig. 10; (L€ uttmann et al., 2009) ]. The phosphorylation state of PtsN is determined by quality and quantity of available nitrogen and carbon sources (Lee et al., 2013; L€ uttmann et al., 2015) . Thus, PtsN might coordinate K 1 uptake with metabolism, a possibility that is currently under investigation. Accessory proteins that stimulate histidine kinase autophosphorylation are often transmembrane proteins, which interact with kinase domains facing the membrane or the periplasm (Gerken & Misra, 2010; Eguchi et al., 2012) . A few cytoplasmic proteins that activate TCSs are known, including GraX in S. aureus and UspC in E. coli, which act through scaffolding of cognate kinase-response regulator complexes (Heermann et al., 2009b; Falord et al., 2012; Muzamal et al., 2014) . It remains to be investigated, whether PtsN is just the tip on an iceberg of similarly acting accessory proteins that interact directly with the kinase DHp domain and can be easily recruited to regulate additional kinases either positively or negatively.
Experimental procedures
Growth conditions, construction of plasmids and site-directed mutagenesis E. coli was grown routinely in LB at 378C if not otherwise indicated. When required, antibiotics were added to the following final concentrations: ampicillin (100 lg ml ). E. coli strains and plasmids used in this study are described in Supporting Information Table S1 and oligonucleotides are listed in Supporting Information Table S2 . Construction of recombinant plasmids and site-directed mutagenesis is described under 'Supporting Information Materials and Methods'.
Bacterial two-hybrid analysis
Protein-protein interaction in vivo was assessed using the BACTH system, which relies on reconstitution of split Bordetella pertussis adenylate cyclase (CyaA) in E. coli strain BTH101 lacking the endogenous cyaA gene (Karimova et al., 1998) . Reconstitution of CyaA activity and thereby cAMP production occurs upon interaction of proteins that have been fused to the separately encoded CyaA T18-and T25-fragments respectively. CyaA activity is monitored by measuring expression of the cAMP-CAP dependent lacZ gene. High b-galactosidase activities reflect high cAMP levels resulting from successful reconstitution of CyaA activity through interaction of fused proteins. Plasmid p25N and pKT25 are designed for construction of in-frame fusions of a gene of interest to the 5 0 or the 3 0 end of the T25 encoding sequence, respectively. Similarly, plasmid pUT18C allows construction of fusions to the 3 0 end of the sequence encoding CyaA-T18. Strain BTH101 was co-transformed with the plasmids carrying the desired T18 and T25 fusion genes using selection for kanamycin (30 lg ml
21
) and ampicillin (100 lg ml
). Subsequently, the transformants were grown at 288C in LB broth containing afore mentioned antibiotics and 1 mM IPTG to induce synthesis of the T18-and T25-fusion proteins and to release the chromosomal lacZYA operon from repression by LacI. The b-galactosidase activities were determined when cultures reached the exponential growth phase (OD 600 0.5) and/or the stationary growth phase (i.e. from overnight cultures).
Random mutagenesis of KdpD and screen for loss of interaction with PtsN
To introduce random amino acid exchanges in KdpD, the corresponding DNA sequence was subjected to a published error prone PCR protocol (Zhou et al., 1991) using primers BG553 and BG551. The products of three independent Interaction of PtsN with kinase KdpD 69 PCR reactions were digested with EcoRV and XbaI and subsequently used to substitute the corresponding 1095 bp long EcoRV-XbaI kdpD wild-type fragment in the BACTH vector pBGG369. Consequently, aa 532-894 comprising the C-terminal cytoplasmic portion of KdpD were subject to random mutagenesis. Plasmid pBGG369 encoding the Nterminally truncated T18-KdpD [aa 253-894] variant was used, because kdpD contains a second naturally occurring EcoRV site, which overlaps codons 127 and 128, impeding substitution of the desired fragment in the context of the full-length kdpD sequence. Strain BTH101 carrying plasmid pBGG262 (encoding T25-PtsN-H73A) was transformed with the resulting ligation reactions and recombinants were selected on LB plates containing the required antibiotics, 40 lg ml 21 XGal and 1 mM IPTG. Plasmids were isolated from colonies exhibiting colourless or pale blue phenotypes and re-introduced into BTH101/pBGG262 to confirm persistence and uniformity of the phenotype. Plasmids passing this test were isolated once again and analyzed by DNA sequencing. Following elimination of clones carrying stopor frameshift mutations, 18 independent plasmid clones were obtained, which encoded KdpD variants with single or multiple amino acid exchanges (Supporting Information  Table S3 ). Four of the kdpD mutants were isolated twice (e.g. those encoding KdpD-L689F), confirming reliability of the screen. Quantitative assays confirmed that the KdpD variants with single and double amino acid replacements had lost the ability to interact efficiently with PtsN-H73A (Supporting Information Fig. S1 ). To determine which of the substitutions carried by the double mutants was responsible for the observed phenotype, several amino acid exchanges were established as single substitutions using site-directed mutagenesis. Thereby, four additional exchanges were identified in KdpD, which abrogated interaction with PtsN-H73A (Supporting Information Table S3 ).
b-Galactosidase assays b-Galactosidase reporter gene assays were performed as described previously (Miller, 1972) . Presented values represent the average of at least three measurements using independent transformants. experiments and purified proteins for SPR analysis. B.G., R.H. and K.J. conceived the study and designed experiments. B.G. co-ordinated the study and wrote the manuscript. All authors analysed data and commented on the manuscript.
